Infectious disease represents an emerging threat to natural populations, particularly when hosts are more susceptible to novel parasites (allopatric) than to parasites from the local area (sympatric). This pattern could arise through evolutionary processes (host populations become adapted to their local parasites and genetically differentiated from other populations at immune-related loci) and/ or through ecological interactions (host individuals develop resistance to local parasites through previous exposure). The relative importance of these candidate mechanisms remains unclear. In jawed vertebrates, genes of the major histocompatibility complex (MHC) play a fundamental role in immunity and are compelling candidates for spatially varying selection. We recently showed that song sparrows (Melospiza melodia) are more susceptible to allopatric than to sympatric strains of malaria (Plasmodium). In the current study, to determine whether population differences at MHC explain this pattern, we characterized the peptide-binding regions of MHC (classes I and II) of birds that did or did not become infected in the previous experiment. We recovered up to 4 alleles per individual at class I, implying at least 2 loci, and up to 26 alleles per individual at class II, implying at least 13 loci. Individuals with more class I alleles were less likely to become infected by Plasmodium, consistent with parasite-mediated balancing selection. However, we found no evidence for population genetic differentiation at either class of MHC, based on 36 individuals sequenced. Resistance to sympatric parasites previously described for this system likely stems from individuals' prior immune experience, not from population differentiation and locally protective alleles at MHC.
spp.) have recently been detected in hatch-year and nonmigratory birds as far north as Alaska (Loiseau et al. 2012) , demonstrating that malaria is now transmitted at this latitude. The introduction of novel parasites is particularly concerning in systems in which hosts are more vulnerable to infection by unfamiliar (allopatric) parasites than they are to local (sympatric) parasites. The devastating effects of avian malaria (P. relictum) and poxvirus on immunologically naive birds in the Hawaiian and Galápagos Islands represent particularly dramatic examples of susceptibility to novel parasites (Warner 1968; Zylberberg et al. 2012 ), but similar patterns have been found across a variety of taxa (Greischar and Koskella 2007) .
A growing body of evidence now supports the idea that in many systems, hosts are more likely to be infected by or suffer more severe infections from allopatric than sympatric parasites. However, the mechanisms that might contribute to this pattern remain uncertain. Field studies of wild birds have found greater prevalence and/or intensity of infection in dispersing than in philopatric individuals (white-crowned sparrows Zonotrichia leucophrys, MacDougall-Shackleton et al. 2002 ; song sparrows Melospiza melodia, Stewart and MacDougallShackleton 2008 ; barn swallows Hirundo rustica, Saino et al. 2014) . These associations are consistent with hosts being more susceptible to allopatric than sympatric parasites but cannot rule out the alternative explanation that dispersing versus philopatric individuals may differ in inherent quality. Reciprocal infection experiments, in which host individuals from 2 or more sites are exposed to sympatric versus allopatric parasites, have the advantage of controlling for individual variation in quality and can more directly address whether hosts are more susceptible to allopatric parasites. For example, Canarian lizards (Gallotia galloti) are relatively resistant to sympatric and susceptible to allopatric haemogregarine parasites (Oppliger et al. 1999) , with similar patterns reported for interactions between 3-spined sticklebacks Gasterosteus aculeatus and eye flukes Diplostomum pseudospathaceum (Kalbe and Kurtz 2006) ; great tits Parus major and Plasmodium spp. (Jenkins et al. 2015) ; and song sparrows and Plasmodium spp. (Sarquis-Adamson and MacDougall-Shackleton 2016) .
At least 2 mechanisms may contribute to hosts being more susceptible to allopatric than sympatric parasites. First, host populations may differ in allele frequencies at immune loci, due to historical coevolution with local parasite strains increasing the frequency of locally protective alleles within each population (i.e., local adaptation of hosts to parasites; Loiseau et al. 2009 ). Second, host individuals may have previously encountered sympatric parasite strains, resulting in antigen-specific immune memory (Krzych et al. 2014 ) such that reinfections are less likely and/or less severe. Local adaptation of host populations and immune memory of host individuals are not mutually exclusive explanations for why hosts could be more susceptible to allopatric than sympatric parasites. However, evaluating their relative importance is valuable because it informs as to whether this pattern arises primarily over an evolutionary or an ecological time-scale.
In jawed vertebrate animals, genes of the major histocompatibility complex (MHC) encode cell-surface proteins that discriminate self from non-self-antigens (i.e., pathogens) and present them to T-cell receptors to initiate an immune response (Klein 1986) . Two major classes of MHC molecules are involved in antigen presentation: class I molecules interact primarily with intracellular pathogens and class II molecules primarily with extracellular pathogens. The MHC thus represents a key component of immune defense (Trowsdale 1995) . MHC loci are compelling candidates at which host populations may show genetic differentiation, because geographic variation in parasite communities (Pagenkopp et al. 2008 ) may generate variation in selection pressures on hosts (Kaltz and Shykoff 1998).
Thus, local variation in parasite-mediated selection pressures could induce population differentiation at MHC (Loiseau et al. 2009 ), which is a requirement for locally protective alleles contributing to enhanced resistance to sympatric parasites. Alternatively, however, balancing selection at MHC loci may reduce population differentiation. Immigrants bearing locally rare alleles might be favored by negative frequency-dependent selection (Schierup et al. 2000; Muirhead 2001; Fraser et al. 2010) or the offspring of such immigrants may benefit from heterozygote advantage (Penn et al. 2002) . If populations are not genetically differentiated at MHC, local adaptation at MHC cannot explain enhanced resistance to sympatric parasites and susceptibility to allopatric parasites. This would suggest that host individuals' previous experience with local parasites, rather than population-level adaptation to the local parasites, is the main contributor to host resistance to sympatric parasite strains.
In a recent study (Sarquis-Adamson and MacDougall-Shackleton 2016), we inoculated wild-caught adult song sparrows, captured from 2 sites 440 km apart, with either sympatric or allopatric lineages of Plasmodium. Infection risk was lower for birds exposed to sympatric as opposed to allopatric parasites, a pattern which might reflect population differentiation and locally protective alleles at immune-related loci such as MHC, or some other explanation such as previous exposure and immune memory. In the current study, we characterize MHC (class I and II) of birds from each source population, in order to assess population genetic differentiation and thus, the potential that locally protective alleles might contribute to enhanced resistance to sympatric parasites. We also investigate individual diversity at MHC of subjects used in the cross-infection experiment and relate this to infection success in order to assess evidence for balancing selection (heterozygote advantage) at these loci.
Materials and Methods

Population Sampling and Infectivity Experiment
We characterized MHC genotypes of 36 song sparrows previously used in a cross-infection experiment (Sarquis-Adamson and MacDougall-Shackleton 2016). Subjects in the cross-infection study were captured at their summer breeding grounds in Ontario, Canada during late summer and early fall (July-October). Nineteen birds were captured at a site in eastern Ontario (44°38′38.77″N, 76°20′4.86″W), and 17 at a site 440 km away in western Ontario (43°00′34.00″N, 81°16′52.50″W). Song sparrows are abundant in both these locations, and neither site was physically isolated from species-suitable breeding habitat (old fields and wetlands), thus we assume that neither population is currently isolated from other surrounding populations. We collected a small blood sample from each bird's brachial vein for genetic analysis, and then housed the birds indoors in individual cages with ad libitum access to food and water under ambient photoperiod.
Details of the cross-infection experiment are available elsewhere (Sarquis-Adamson and MacDougall-Shackleton 2016), but in brief, we used nested PCR to amplify and sequence hematozoan mitochondrial DNA (Hellgren et al. 2004 ) and identified lineages of Plasmodium that were apparently confined only to the eastern or only to the western site. Lineage P-SOSP9 (GenBank accession #KT19635; 99% sequence identity to morphospecies P. relictum) was found only in birds from the eastern site, and lineage P-SOSP10 (GenBank accession #KT19636; 99% sequence identity to morphospecies P. homopolare) was found only in birds from the western site. Additional screening of over 300 song sparrows at and around the eastern site confirmed the absence of P-SOSP10 from this location, although comparable screening at and around the western site to confirm the absence of P-SOSP9 was not conducted (SarquisAdamson and MacDougall-Shackleton 2016) . Although several other lineages of Plasmodium were detected, these occurred at both the eastern and western sites. We thus used P-SOSP9 and P-SOSP10 as our eastern and western lineages, respectively. DNA sequence divergence between these 2 experimental lineages was 8%. All of the other lineages detected within experimental subjects upon capture showed at least 5.2% sequence divergence to both experimental lineages (GenBank accession #KT193627-193634 and KT19637; Sarquis-Adamson and MacDougall-Shackleton 2016) .
We inoculated a suspension of whole blood from an eastern bird infected with P-SOSP9 into 2 previously uninfected "amplifiers" (i.e., birds inoculated with parasites, allowed to develop an acute infection, then used to inoculate experimental subjects) from the eastern site. Similarly, 2 previously uninfected amplifiers from the western site were inoculated with a suspension of whole blood from a western bird infected with P-SOSP10 (details in Sarquis-Adamson and MacDougall-Shackleton 2016). At 18 days postinoculation, all 4 amplifiers had infectious stages of Plasmodium (asexual meronts) detectable in peripheral blood (eastern average = western average = 2.0 parasites per 10 000 erythrocytes, scored by microscopic examination of thin-film blood smears). Blood from amplifiers was then mixed with buffer and used to inoculate birds in the experimental groups, such that all experimental groups received the same dose of Plasmodium. Experimental birds comprised 4 groups of 6 birds each (i.e., eastern birds inoculated with their sympatric lineage P-SOSP9, eastern birds inoculated with their allopatric lineage P-SOSP10, western birds inoculated with their allopatric lineage P-SOSP9, western birds inoculated with their sympatric lineage P-SOSP10).
To assess infection success, Sarquis-Adamson and MacDougallShackleton (2016) monitored parasitemia in the 24 experimental birds every 3 days, from 6-30 days postinoculation. Twenty microliters of blood was collected via brachial venipuncture and used to prepare a thin-film blood smear. Smears were air-dried, fixed in absolute methanol, and treated with Wright-Giemsa stain, after which researchers examined 10 000 red blood cells per smear and noted the number of cells containing 1 or more Plasmodium. Birds with at least 1 observation of at least 4 infected erythrocytes per 10 000 examined (0.04% parasitemia) were considered to have been successfully infected (Sarquis-Adamson and MacDougall-Shackleton 2016). However, because we did not confirm via PCR that "successful infections" involved the lineages of interest, we cannot conclusively exclude the possibility that some may have involved coinfections by multiple lineages or recurrences of earlier infections. All experimental birds survived to the 30-day endpoint of the experiment, and 15 of 24 (63%) became successfully infected as defined above.
Characterizing MHC
Passerine birds have undergone extensive gene duplications at MHC (Westerdahl et al. 2000; Hess and Edwards 2002) , and this combined with high heterozygosity expected at the peptide-binding region (PBR) precluded direct sequencing of class I and II loci. We characterized most of class I, exon 3 by cloning and sequencing, and characterized class II, exon 2 by next-generation sequencing.
Class I
We used PCR to amplify most of exon 3 of MHC class I, a region encoding the α2 domain of this molecule's highly variable PBR. We amplified a 213 bp fragment of exon 3 using primers that bind within this exon (GCA21M and fA23M; Loiseau et al. 2009 ). These primers were designed from cDNA sequences, in order to preferentially amplify transcribed alleles (Loiseau et al. 2009 ). PCR was performed in a total volume of 25 µL and included 0.2 U of Taq polymerase (Life Technologies), 0.2 µM of each primer, 0.2 mM of dNTPs, 1 mM of MgCl 2 , 1× PCR buffer (Sigma-Aldrich: 10 mM Tris-HCl, pH 8.3 at 25 °C, 50 mM KCl, 0.001% gelatin), and approximately 25 ng of genomic DNA template. The thermocycler profile consisted of 2 min at 94 °C; 32 cycles of 30 s at 94 °C, 30 s at 57 °C, and 30 s at 72 °C; and a final extension step of 10 min at 72 °C.
We used the pGEM-T Easy Vector System (Promega) to ligate PCR products into a vector which we then introduced into competent cells and screened for colonies containing the desired insert. We selected 20 insert-containing colonies per bird and used a sterile toothpick to transfer each of these colonies into a new PCR reaction. PCR conditions for these second-round amplifications were the same as described above. After PCR, we treated each reaction with 10 U of Exo I and 10 U of FastAP Thermosensitive Alkaline Phosphatase (Thermo Scientific) for 15 min at 37 °C to degrade any remaining primers, followed by a 15 min treatment at 85 °C to inactivate the enzymes. Each colony was then sequenced using the forward primer GCA21M, on an Applied Biosystems 3730 DNA Analyzer at the London Regional Genomics Centre.
We aligned class I sequences in MEGA 6 (Tamura et al. 2013 ), queried them against the Basic Local Alignment Search Tool (BLAST; Altschul et al. 1990 ) implemented in GenBank, and confirmed that the most similar sequences retrieved were other class I, exon 3 sequences from passerine birds. Alignments were trimmed to 192 bp, corresponding to codons 11 through 74 of the putative exon 3. We used the cluster command in the program mothur 1.33.3 (Schloss et al. 2009 ) to identify each individual's alleles based on 100% DNA sequence identity. Low-quality reads (i.e., those containing Ns) were discarded. To reduce potential effects of PCR and sequencing errors, we also discarded singleton sequences, that is, those found only in a single colony. Thus, only clear sequences that were recovered from 2 or more colonies (either within the same individual or across multiple individuals) were considered to be true alleles. In all, the number of usable sequences per individual was 16.00 ± 0.36 (mean ± SEM). This number was not related to the number of unique alleles detected for an individual (Pearson's r 35 = 0.14, P = 0.43).
Class II
Due to high levels of duplication and polymorphism of MHC class II found in other passerine birds (e.g., upwards of 20 loci in common yellowthroats Geothlypis trichas; Bollmer et al. 2010 ), we used next-generation sequencing to characterize class II variation within and between populations. We designed a degenerate forward primer (SospMHCint1f: priming sequence 5′-AGY GGG GAY CCG GGG TGG-3′), to bind to intron 1 of class II MHC. We used this in combination with the reverse primer Int2r.1 (Edwards et al. 1998) binding to intron 2, to amplify all of exon 2, which encodes the hypervariable PBR (β chain) of class II MHC. In addition to the priming sequences, each primer included an adaptor sequence for the Illumina MiSeq platform, 4 wobble bases, and an individually unique barcode sequence of 8 bases.
PCR was conducted in a total volume of 30 µL and included 12.5 µL of GoTaq® Hot Start Colorless Master Mix (Promega), 0.2 µM of each primer, and 25 ng of genomic template. The thermocycling profile consisted of 3 min at 94 °C; 28 cycles of 30 s at 94 °C, 30 s at 62 °C, and 45 s at 72 °C; and a final step of 10 min at 72 °C.
We confirmed amplification success for each individual by running part of the PCR product on an agarose gel, and then pooled PCR products from all individuals to form a library. This library was used in next-generation sequencing at the London Regional Genomics Centre, using 300 bp paired-end reads on a single flow cell in the Illumina MiSeq platform.
We used a pipeline developed by Gloor et al. (2010) to extract sequences, sort by individuals, and collapse into clusters of identical reads. To identify very rare sequences likely to have resulted from PCR errors, we amplified class II, exon 2 of MHC using the primers and PCR conditions described above for 1 individual and used cloning (Promega pGEM-T Easy Vector System) to generate multiple colonies each containing a single allele. We included PCR products from 4 colonies in the flow cell run, along with the library described above. In the absence of PCR or sequencing errors, each colony should generate only 1 individual sequencing unit (ISU), thus the frequency of rare secondary ISUs provides an estimate of error rates. Based on the observed frequency of secondary ISUs averaged across the 4 colonies, we established a threshold error rate of 1%. Thus, sequences appearing in <1% of an individual's reads were considered to result from PCR or sequencing errors and were discarded. Retained sequences were checked for similarity to published exon 2 sequences of passerine class II MHC using BLAST as described above.
Population Genetic Differentiation at MHC
If locally protective alleles at MHC explain enhanced resistance to sympatric parasites (Sarquis-Adamson and MacDougall-Shackleton 2016), we would expect that MHC allele frequencies differ between sites. Thus, we investigated population genetic differentiation at MHC class I exon 3 and class II exon 2. Class I genotypes were available for 35 individuals (18 from the eastern site, 17 from the western site) and class II genotypes for 35 individuals (19 eastern, 16 western).
We observed a large number of MHC alleles (27 unique DNA sequences at class I; 192 unique DNA sequences at class II) with relatively little overlap between individuals, and because of this, classical F ST analyses were not possible. Instead, we performed the analyses on distance matrices constructed from reduced data following Lachance et al. (2013) . For each class of MHC, we used MEGA 6.0 (Tamura et al. 2013) to align the putative exon sequences (a 192 bp fragment of class I exon 3, and 222 bp corresponding to the entire putative class II exon 2) from all the observed alleles and constructed neighbor-joining trees. Alleles were then assigned to "superalleles" based on membership in well-defined clades (Supplementary Figures S1 and S2 online) . As a result, the number of alleles detected in the entire sample was reduced from 27 alleles to 4 superalleles for class I and from 192 alleles to 76 superalleles for class II. For each individual, we noted the number of alleles belonging to each superallele, and then calculated Euclidean distances between all pairwise combinations of individuals based on their superallele genotypes at class I or class II. F ST was calculated from the formula (D T − D S )/D T , where D S is the mean within-site distance and D T the between-site distance. To evaluate the significance of each F ST value, the coefficient was recalculated for 500 distance matrices constructed from similarly sized demes of randomized membership. The fractional rank of the observed F ST value was taken to be the probability P of a type I error (Lachance et al. 2013) .
To further examine population genetic differentiation at MHC, we used Bayesian cluster analysis implemented in structure 2.3.4 (Pritchard et al. 2000) . The multilocus nature of MHC sequence data meant that we could determine superallele presence versus absence in each individual, but not homozygous versus heterozygous state. Thus, we treated MHC superallele profiles as being analogous to AFLP data (presence or absence of a given band) and used settings for dominant markers (Falush et al. 2007 ). We used the admixture model with correlated allele frequencies, and to maximize power to detect subtle genetic structuring, we included capture location (east or west) as prior information. For each of class I and class II MHC datasets, we compared support for models with and without genetic differentiation between the 2 sites (K = 1, K = 2). Running conditions included an initial burn-in of 100 000 iterations, followed by a run length of 100 000 MCMC iterations, after which all parameters had stabilized. We used ln likelihood scores to calculate posterior probability for each value of K (Pritchard and Wen 2003) . To assess consistency between trials, for each of the class I and class II MHC datasets, we performed 5 runs for each value of K.
Individual Diversity at MHC and Infection Risk
Of the birds genotyped at both class I and class II, 22 had been experimentally inoculated with Plasmodium as part of a previous study (Sarquis-Adamson and MacDougall-Shackleton 2016). Thus, infection outcome was known for these individuals: 14 became successfully infected (as defined by a criterion of 0.04% parasitemia; Sarquis-Adamson and MacDougall-Shackleton 2016) and 8 did not. To assess whether individual genetic diversity at MHC influenced infection likelihood, we used the ExPASy translate tool (Gasteiger et al. 2003) to identify the correct reading frame and to convert nucleic acid sequences of MHC class I and class II alleles into the corresponding amino acid sequences. For each of the 22 birds with known infection outcome, we noted the number of unique amino acid sequences at MHC class I and at MHC class II.
We used glm in base R 3.2.3 (R Core Team 2015) to construct generalized linear models with binomial error distribution, each with infection outcome (i.e., whether or not the individual developed parasitemia of 0.04% or higher within 30 days of inoculation) as the dependent variable. We used an information theoretic approach (Burnham and Anderson 2002) to compare support for 4 alternative models (Table 1) : univariate models of diversity (i.e., number of different amino acid sequences detected within the individual) at MHC class I and class II, a combination model including MHC class I diversity and MHC class II diversity, and a null model (intercept only).
As a complementary analysis, we also tested a broader candidate set of 11 candidate models (Supplementary Table S1 online) Predictor variables were MHC class I diversity (i.e., number of distinct amino acid sequences at class I; MHCI) and MHC class II diversity (MHCII). All models were fit with binomial error distribution. AICc, corrected Akaike information criterion. predicting infection outcome. Predictor variables in this broader model set included MHC class I and class II diversity; eastern versus western bird origin; eastern versus western parasite origin; bird origin × parasite origin interaction; and previous infection status (i.e., whether or not the individual was determined to have been naturally infected with Plasmodium prior to capture). The broader candidate model set also included a null model (intercept only). We calculated model-averaged parameter estimates and unbiased 95% confidence intervals from the full set of corrected Akaike information criterionranked candidate models using the functions model.avg and confint in the R package MuMIn (Bartoń 2015) .
Results
Individual Variation at MHC
We detected 37 variable sites within the 192 bp examined for class I exon 3, and 188 variable sites within the 222 bp examined for class II exon 2. We found between 1 and 4 alleles (i.e., different DNA sequences) per individual at class I (mean ± SEM, eastern: 2.78 ± 0.22, n = 18; western: 2.24 ± 0.29, n = 17) and between 10 and 26 alleles per individual at class II (eastern: 17.38 ± 0.96, n = 19; western: 18.89 ± 0.89, n = 16).
Population Genetic Differentiation at MHC
We found no evidence of genetic differentiation between eastern and western song sparrows, for either class I or class II of MHC (class I: D T = 3.42, D S = 2.78, F ST = 0.111, P = 0.12; class II: D T = 32.7, D S = 31.1, F ST = 0.050, P = 0.61). Consistent with this lack of genetic differentiation, we found little evidence for alleles that were common at one site but rare at the other site ( Figure 1a , b for class I and class II, respectively). Two-thirds (18/27) of the class I alleles were private, that is, restricted to either the eastern or the western birds. However, each of these were observed in only 1-2 individuals (Figure 1a) , and we observed no private superalleles at MHC class I.
Bayesian (structure) analysis of MHC class I differentiation did not conclusively support either K = 1 (panmixia) or K = 2 (2 genetic clusters). Two of the 5 trials identified an optimal K of 1 (posterior probabilities 0.52, 0.84); 2 identified an optimal K of 2 (posterior probabilities 0.55, 0.87); and 1 showed identical support (posterior probability = 0.50) for K = 1 and K = 2. By contrast, all 5 trials for class II identified K = 2 as the most probable (posterior probabilities = 0.98-1.00). However, for both class I and class II datasets, under K = 2 models, all individuals were highly admixed regardless of capture location (40%-60% genetic membership in each cluster; no individuals strongly assigned to either cluster; Figure 2a , b), consistent with a lack of true underlying population genetic structure (Pritchard and Wen 2003) . In light of the apparent lack of population differences in superallele frequencies at either class of MHC, and because sample sizes were low relative to the diversity of MHC alleles observed, we did not test further for locally protective effects of specific alleles or superalleles.
Individual Diversity at MHC and Infection Risk
Of the 4 models predicting infection outcome (MHC class I diversity, MHC class II diversity, combination of both MHC class I and MHC class II diversity, and null), the strongest was the MHC class I diversity model (Table 1) . This model was approximately 3 times as likely as the next best model (MHCI + MHCII; Table 1 ) and 10-34 times as likely as either model without MHC class I diversity (intercept only, MHCII; Table 1 ). Based on this top model, the effect of MHCI diversity on infection outcome was significantly different from zero (β ± SE = −1.54 ± 0.72, Z = −2.14, P = 0.033, 95% CI = −3.35 to −0.36). Individuals that remained uninfected following experimental exposure to Plasmodium had more amino acid alleles at MHC class I (uninfected: 2.63 ± 0.38 alleles, n = 8; infected: 1.57 ± 0.17 alleles, n = 14) but not at class II (uninfected: 16.86 ± 1.04 alleles, n = 8; infected: 16.38 ± 1.07 alleles, n = 14).
Comparison and averaging of the broader candidate set of models yielded similar results: the best model was that containing only MHC class I diversity (Supplementary Table S1 online), and model averaging revealed a significant effect of MHC class I diversity but not of other variables tested (Supplementary Table S2 online).
Discussion
Enhanced resistance to sympatric parasites and susceptibility to allopatric parasites may result from evolutionary and/or ecological Each column represents an individual, and each color denotes a population cluster. Plots were generated for K = 2 populations, using the admixture model with correlated allele frequencies, and included capture location as prior information. No individuals were strongly assigned to either putative cluster.
processes. Over evolutionary time, spatial variation in selection pressures may generate geographic variation among host populations at immune-related loci, resulting in host local adaptation. Over ecological time, individual hosts may have previously encountered local parasite strains, resulting in immune memory. We investigated the first of these potential explanations in a study system already determined to show enhanced resistance to sympatric parasites (SarquisAdamson and MacDougall-Shackleton 2016). We found no evidence of population genetic differentiation at either class I or II of MHC, suggesting that locally protective alleles at these loci cannot explain greater resistance to sympatric than allopatric parasites. Instead, our findings suggest that individuals' prior immune experience may contribute to home-field advantage in this system. We also found evidence for heterozygote advantage at class I loci, suggesting that variation at MHC is maintained by balancing selection rather than by spatial variation in parasite-mediated selection.
Consistent with many studies of natural populations, we found substantial variation at MHC. Based on the maximum number of different sequences recovered per individual (4 and 26 for class I and class II, respectively), we amplified at least 2 class I loci and at least 13 class II loci. This finding supports the hypothesis that evolution at MHC in passerine birds has been characterized by multiple gene duplications (e.g., Edwards et al. 1998; Bollmer et al. 2010) . Importantly, to reduce effects of PCR or sequencing errors, we retained only sequences that had been recovered from multiple PCR amplifications (class I) or those found in >1% of ISUs (class II). Thus, the diversity reported here may underestimate actual diversity at MHC. As well, because we did not sequence the full PBR at class I, there might be additional, undetected functional variation at exon 2 or at the unsequenced portion of exon 3. We used class I primers designed from cDNA sequences, albeit from another passerine species (house sparrow Passer domesticus, Loiseau et al. 2009 ), thus the class I sequences we recovered are presumably also expressed in song sparrows. By contrast, in order to sequence the entire second exon of class II MHC, we used primers derived from the sequences of the flanking introns, so it is possible that a subset of the class II loci we amplified are not expressed.
Despite considerable variation within and among individuals, we found little evidence for between-site variation (i.e., population genetic structuring) at either class I or class II of MHC. F ST was not significantly different from zero for either class of molecule, we observed no alleles that were common at one site but rare at the other, and structure analysis failed to assign any individuals conclusively to one or the other population based on superallele frequencies at MHC class I or class II. Importantly, sample sizes in our study were low (fewer than 20 individuals genotyped per site) and this restricts our power to detect subtle population structuring. This is a concern particularly at hypervariable loci such as MHC, in which many alleles likely occur at frequencies below 5% and may thus have been missed. More extensive sampling at MHC and at other immune-related loci is required before population genetic differentiation can be conclusively ruled out as an explanation for enhanced resistance to sympatric parasites. Still, based on the apparent lack of differentiation at the MHC regions surveyed, it seems unlikely that locally protective alleles at MHC can explain our previous finding that song sparrows are less likely to be infected by sympatric than allopatric strains of Plasmodium (Sarquis-Adamson and MacDougall-Shackleton 2016).
We focused on the PBR of class I and class II loci as candidate regions for local adaptation and locally protective alleles, because protein-sequence variation at these loci determines the repertoire of antigen peptides that can be bound and presented to T cells. We do not exclude the possibility that locally protective alleles could be operating at other loci related to immunity (e.g., innate defenses such as β-defensins; Gilroy et al. 2016 ), or at portions of MHC not sequenced in our study. Locally protective allele effects at MHC have been described mainly in inhabitants of relatively small-scale environments (e.g., river-dwelling Atlantic salmon Salmo salar, Dionne et al. 2009 ; Chinook salmon Oncorhynchus tshawytscha, Neff 2009, Evans et al. 2010 ; yellow-necked mouse Apodemus flavicollis, Meyer-Lucht and Sommer 2005), and could be less pronounced in highly mobile animals such as migratory birds that encounter multiple environments, and multiple parasite fauna, each year. Alternatively, if one or both populations have been recently bottlenecked, genetic drift at MHC may outweigh selection (e.g., Miller and Lambert 2004) and thus the potential for local adaptation at these loci. However, the high levels of variation we observed at both class I and class II, together with both sites' apparently large population sizes and lack of physical isolation, make this latter explanation unlikely.
In light of the apparent lack of population genetic differentiation at MHC, greater resistance to sympatric than allopatric parasites in this system may be driven primarily by ecological rather than evolutionary processes. That is, host individuals may be relatively resistant to the local parasites because they have previously encountered these strains or similar, resulting in immune memory reducing the risk or intensity of reinfections (Møller and Szép 2011; Krzych et al. 2014) . Although none of the birds in the cross-infection experiment showed evidence of having been naturally infected by strains with >95% DNA sequence identity to those used in the experiment (Sarquis-Adamson and MacDougall-Shackleton 2016), molecular screening can fail to detect certain lineages (Valkiŭnas et al. 2006) . Thus, establishing with certainty the infection history of wild-caught animals is challenging. Conducting experimental infections on captive-raised hosts known to be immunologically naïve (e.g., Jenkins et al. 2015) , or using ELISA to screen individuals for anti-Plasmodium immunoglobulins (e.g. Graczyk et al. 1994) , represent promising future directions.
Whereas we found no evidence for population genetic structuring at MHC that would suggest locally protective alleles might be operating, we did observe an advantage of diversity at MHC class I. Individuals with more amino acid alleles at class I were less likely to become infected when experimentally exposed to Plasmodium. This pattern was not observed at class II, quite possibly because Plasmodium spp. occur inside the cells of their vertebrate hosts and are thus targeted mainly by class I gene products. Among free-living animals encountering multiple pathogens, nonadditive genetic effects at MHC are often observed: individuals with either more alleles at MHC (e.g., striped mouse Rhabdomys pumilio, Froeschke and Sommer 2005) or an intermediate number of alleles (3-spined stickleback, Wegner et al. 2003) are less heavily parasitized than individuals with fewer alleles. In laboratory mice (Mus musculus), similarly, diversity at MHC confers an advantage in resisting and clearing multistrain bacterial infections (Penn et al. 2002) . Although a large body of literature supports the idea that MHC diversity permits recognizing and responding to a broader spectrum of pathogens (i.e., dominant effects), experimental evidence that MHC diversity improves resistance to specific parasites (i.e., overdominant effects) is relatively scant. However, MHC diversity of Gila topminnows (Poeciliopsis occidentalis) predicted survival following experimental exposure to a parasitic fluke (Hedrick et al. 2001) , suggesting that MHC diversity can influence resistance to specific pathogens.
Overall, the pattern previously observed in this study system, whereby host individuals are relatively resistant to sympatric and relatively susceptible to allopatric strains of Plasmodium (SarquisAdamson and MacDougall-Shackleton 2016), appears not to be attributable to population differentiation and local adaptation at MHC class I or class II. Although we cannot rule out local adaptation at other immune-related loci, the absence of population differentiation at MHC suggests that immune experience acquired during the course of an individual's lifetime may be a relatively important contributor to home-field advantage in this system. If so, this is cause for some optimism regarding the time-scale over which birds may be able to respond to invasive new parasites. We also observed a protective effect of diversity at MHC class I, emphasizing the importance of adaptive genetic variation in natural populations. Evidence to date suggests that balancing selection, rather than spatial variation in pathogen-mediated selection pressures, contributes to the maintenance of MHC polymorphism in this system.
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